To compare kinetic properties of homologous isozymes of NADP ؉ -specific isocitrate dehydrogenase, histidine-tagged forms of yeast mitochondrial (IDP1) and cytosolic (IDP2) enzymes were expressed and purified. The isozymes were found to share similar apparent affinities for cofactors. However, with respect to isocitrate, IDP1 had an apparent K m value ϳ7-fold lower than that of IDP2, whereas, with respect to ␣-ketoglutarate, IDP2 had an apparent K m value ϳ10-fold lower than that of IDP1. Similar K m values for substrates and cofactors in decarboxylation and carboxylation reactions were obtained for IDP2, suggesting a capacity for bidirectional catalysis in vivo. Concentrations of isocitrate and ␣-ketoglutarate measured in extracts from the parental strain were found to be similar with growth on different carbon sources. For mutant strains lacking IDP1, IDP2, and/or the mitochondrial NAD ؉ -specific isocitrate dehydrogenase (IDH), metabolite measurements indicated that major cellular flux is through the IDH-catalyzed reaction in glucose-grown cells and through the IDP2-catalyzed reaction in cells grown with a nonfermentable carbon source (glycerol and lactate). A substantial cellular pool of ␣-ketoglutarate is attributed to IDH function during glucose growth, and to both IDP1 and IDH function during growth on glycerol/lactate. Complementation experiments using a strain lacking IDH demonstrated that overexpression of IDP1 partially compensated for the glutamate auxotrophy associated with loss of IDH. Collectively, these results suggest an ancillary role for IDP1 in cellular glutamate synthesis and a role for IDP2 in equilibrating and maintaining cellular levels of isocitrate and ␣-ketoglutarate.
The existence of multiple and differentially compartmentalized isozymes of NADP ϩ -specific isocitrate dehydrogenase (IDP) 1 appears to be a common attribute of eukaroytic organisms. Whereas Saccharomyces cerevisiae has three isozymes encoded by different genes (1) (2) (3) (4) , the cytosolic and peroxisomal isozymes of mammalian cells are encoded by a single gene distinct from that encoding the mitochondrial isozyme (5-7). In Arabidopsis, genes for cytoplasmic and peroxisomal isozymes are distinct, but a third gene apparently encodes both mitochondrial and chloroplast isozymes (8) . This duplication of genes and/or differential localization of the same enzyme suggests that the reaction catalyzed by IDP isozymes is important for optimal metabolic function of various cellular compartments. The current study is directed toward refining our understanding of these metabolic functions.
The yeast mitochondrial IDP1, cytosolic IDP2, and peroxisomal IDP3 isozymes are homodimers, and they share pairwise primary sequence identities of Ͼ70% (1-4). They differ with respect to organellar targeting sequences; IDP1 has a 16-residue amino-terminal sequence that is removed upon mitochondrial import (1) , and IDP3 has a carboxyl-terminal Cys-LysLeu tripeptide essential for peroxisomal localization (3, 4) . IDP2 also has a significantly lower isoelectric point than the two organellar isozymes (Table I ). In addition, the IDP enzymes differ with respect to expression. IDP1 is essentially constitutively expressed, whereas IDP2 is expressed during growth on nonfermentable carbon sources, e.g. glycerol, ethanol, and lactate (5, 9) . IDP2 is not expressed in cells growing logarithmically with glucose as the carbon source, but expression increases dramatically during the diauxic shift after glucose is exhausted and ethanol serves as the carbon source (10) . IDP3 is expressed only with fatty acid carbon sources, reflecting the specific function of this enzyme in providing NADPH for the reduction of fatty acids with even-numbered double bonds during peroxisomal ␤-oxidation (3, 4) .
Disruption of the yeast IDP3 gene produces a predictable inability to grow with substrate fatty acids (e.g. arachidonic or linoleic acids, see Ref. 4) as the carbon source. In comparison, disruption of the IDP1 and/or IDP2 genes produces no apparent growth phenotype on a variety of carbon sources (5) . However, co-disruption of IDP2 and the ZWF1 gene encoding glucose-6-phosphate dehydrogenase produces not only an inability to grow but also a rapid loss in viability of cells shifted to any fatty acid carbon source (11) . This phenotype of the idp2⌬zwf1⌬ mutants has been attributed to loss of the two major cytosolic sources of NADPH. This cofactor is needed by thiol-dependent antioxidant enzymes to eliminate hydrogen peroxide produced as a normal by-product of the ␤-oxidation pathway located exclusively in peroxisomes in S. cerevisiae (12, 13) . Similar antioxidant functions have been attributed to the cytosolic and mitochondrial NADP ϩ -specific enzymes in mammalian cells (14, 15) . A recent report (16) also demonstrated a role for the cytosolic mammalian enzyme in supply of NADPH for lipid biosynthesis.
The IDP isozymes are quite distinct in terms of sequence, * This work was supported by National Institutes of Health Grants AG17477 and GM51265. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. structure, and regulation from the mitochondrial NAD ϩ -specific tricarboxylic acid cycle isocitrate dehydrogenase (IDH). Yeast IDH is an allosterically regulated octamer composed of four IDH1 and four IDH2 subunits (17, 18) . Although residues in catalytic sites are primarily contributed by IDH2 and those in regulatory sites are primarily contributed by IDH1 (19 -22) , loss of either subunit eliminates cellular IDH activity and produces similar growth phenotypes. These include an inability to grow with acetate as a carbon source (23, 24) , a phenotype shared with other yeast tricarboxylic acid cycle mutants (25) (26) (27) . Growth in glucose medium in the absence of glutamate is also reduced with loss of IDH, but growth is eliminated only with the additional loss of IDP1 (28, 29) , suggesting that both enzymes contribute to production of ␣-ketoglutarate under conditions when IDP2 is not expressed. When IDP2 is expressed, i.e. with nonfermentable carbon sources, loss of all three enzymes (IDP1, IDP2, and IDH) is required to produce glutamate auxotrophy.
The goal of this report is to define further the physiological roles of the IDP1 and IDP2 isozymes. Detailed kinetic analyses of the purified enzymes have revealed some differences in kinetic parameters that may contribute to differential function in vivo. We have also directly examined contributions of the IDP1, IDP2, and IDH enzymes to cellular pools of isocitrate and ␣-ketoglutarate, and we have determined the extent that IDP1 and IDP2 isozymes can augment cellular functions normally attributed to IDH. 31 ). Isocitrate dehydrogenase gene disruption mutants constructed by using these strains were described previously (27, 28) . Strains were cultivated on rich YP medium (1% yeast extract, 2% Bacto-peptone) or on minimal YNB medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate) containing nutrients to supplement auxotrophic requirements of the strains. Nitrogen-free medium was YNB lacking ammonium sulfate. Carbon sources were 2% glucose, 2% glycerol plus 2% lactate, or 2% ethanol. Growth rates in liquid cultures were monitored as absorbance at 600 nm (A 600 ). For plate spot assays of growth phenotypes, cells were pelleted from cultures and resuspended in H 2 O to 2.0 A 600 . The cells were serially diluted in 10-fold steps, and 10 l of each dilution was spotted onto agar plates.
EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions-Parental
Expression and Purification of Histidine-tagged Forms of IDP1 and IDP2-To add histidine codons onto the 3Ј end of the coding region of IDP1, plasmid pBS-IDP1 (1) was used as a template for mutagenesis using the unique site transformer mutagenesis method from Stratagene. One oligonucleotide (5Ј-GTTTTTCTTTAGTTCAGCTATGAGGT-GGTAGTGGTAGTGATTATTAGCTTAAATGCATCGG) was used to introduce five adjacent histidine codons (underlined) prior to the stop codon in the IDP1 coding sequence and to remove a PvuI site in this region for screening mutant clones; a second oligonucleotide (5Ј-CT-CACTAAGGGAACAAGAGCTCCATGCCTGCAGGTCG) was used to delete a vector HindIII site for selection of mutagenized plasmids. The altered IDP1 gene was transferred on a 3.2-kbp SacI DNA fragment to plasmid pRS424 (32) , which contains a 2-m origin for multicopy replication and a yeast TRP1 gene for selection of transformants. The resulting plasmid, pRS424-IDP1
His
, was subjected to DNA sequence analysis to confirm that the only change to the IDP1 coding sequence was introduction of the 3Ј histidine codons.
Plasmid pRS424-IDP2 (33) was used as the template to add histidine codons onto IDP2. Codons for six adjacent histidine residues were added at the 3Ј end of the IDP2 coding region using PCR with a forward oligonucleotide primer (5Ј-TGCTAGATCGATTAATGACAAAGATTA-AGGTAGCTAACC) containing a ClaI restriction site (italics) and a reverse oligonucleotide primer (5Ј-CTCAAGCTCCGTCGACGTAACGT-GGTGGTGGTGGTGGTGATTGACGTCAGGCTA) containing the histidine codons (underlined) and a PstI restriction site (italics). The resulting ClaI/PstI PCR product was used to replace the authentic IDP2 coding region in pRS424-IDP2, generating pRS424-IDP2
. The
IDP2
His coding sequence was verified by DNA sequence analysis. The pRS424-IDP1
His and pRS424-IDP2 His plasmids were transformed into an S173-6B mutant strain (idp1⌬idp2⌬) containing disruptions in both IDP1 and IDP2 loci (5) . For purification of histidine-tagged enzymes, transformants were cultivated in YP medium with glycerol/ lactate as the carbon source. Cells were harvested at culture densities of A 600 ϭ 5.0 -7.0. Harvested cells were lysed with glass beads in 2.5 ml/g cells of lysis buffer (50 mM potassium phosphate (pH 7.75), 5 mM MgCl 2 , 2 mM potassium citrate, and 5% glycerol) containing 10 mM phenylmethylsulfonyl fluoride (PMSF) and 1% (v/v) protease inhibitor mixture (Sigma). The extracts were diluted with an equal volume of a buffer containing 100 mM sodium phosphate (pH 8.0), 600 mM NaCl, 40 mM imidazole, 2 mM potassium citrate, and 15% glycerol, combined with 1.0 ml of a 50% slurry of Ni 2ϩ -nitrilotriacetic acid superflow resin (Qiagen), and rocked at 4°C for 60 min. The mixture was loaded onto a 10 ϫ 1-cm column, and the flow-through fraction was collected. The column was washed four times with 5.0 ml of buffer A (50 mM sodium phosphate (pH 8.0), 300 mM NaCl, 5 mM MgCl 2 , 2 mM potassium citrate, and 1 mM PMSF) initially containing 20 mM imidazole and 15% glycerol. The concentration of imidazole was increased to 30 mM in the second wash, and the concentration of glycerol was gradually increased to 25% in the final wash. Bound protein was eluted with 0.75-1.5 ml of buffer A containing 200 mM imidazole and 25% glycerol. Purified enzymes were stored in the same buffer at Ϫ20°C. The high concentrations of glycerol were determined to be necessary for stability during purification and storage. Protein concentrations were determined using calculated extinction coefficients (34) .
Kinetic Analyses-pH optima for IDP enzymes were examined with isocitrate saturation curves using 50 mM potassium phosphate or TrisHCl buffers at pH values ranging from 6.0 to 9.5. Assays (1.0 ml) contained 5 mM MgCl 2 , 0.5 mM NADP ϩ , and DL-isocitrate concentrations ranging from 0 to 5.0 mM. For kinetic assays of the oxidative decarboxylation reaction, IDP activity was assayed in 1.0-ml reactions containing 50 mM potassium phosphate (pH 7.75), 5 mM MgCl 2 , and 10% glycerol. Kinetic parameters with respect to isocitrate were determined using 0.5 mM NADP ϩ and DL-isocitrate concentrations ranging from 1.0 M to 10.0 mM. Kinetic parameters with respect to NADP ϩ were obtained using 5.0 mM isocitrate and NADP ϩ concentrations ranging from 1.0 M to 0.25 mM. For inhibition studies, ␣-ketoglutarate at concentrations ranging from 0.5 to 8.0 mM or glutamate at concentrations ranging from 1.0 to 17.5 mM was added with isocitrate as the substrate. These concentrations were chosen to represent low to high ranges of typical physiological conditions based on published values (35, 36) .
For assays of the reductive carboxylation reaction, IDP activity was measured in 1.0 ml of 50 mM potassium phosphate (pH 6.5), 5 mM MgCl 2 , 40 mM NaHCO 3 (54.5 mM CO 2 ), and 10% glycerol. Kinetic parameters with respect to ␣-ketoglutarate were determined by using 0.25 mM NADPH and ␣-ketoglutarate concentrations ranging from 1.0 M to 10 mM. Kinetic parameters with respect to NADPH were obtained using 2.5 mM ␣-ketoglutarate and NADPH concentrations ranging from 1.0 M to 0.25 mM.
For all assays, rates of NADPH or NADP ϩ production were measured Analysis of Enzymes in Cellular Extracts-Whole cell protein extracts were prepared by glass bead lysis of cells harvested from cultures at A 600 ϭ 2.0 in lysis buffer containing 2 mM PMSF. IDP activity in lysates was assayed in 1.0-ml reactions containing 50 mM potassium phosphate (pH 7.75), 5 mM MgCl 2 , and 5.0 mM DL-isocitrate. The reaction was initiated by adding NADP ϩ to a final concentration of 0.5 mM. Lysate protein concentrations were determined by using the Bradford dye-binding assay (37) with bovine serum albumin as the standard.
Metabolite Extraction and Analysis-Rapid centrifugation (2-3 min at 4000 ϫ g) was used to harvest cells grown to A 600 ϭ 2.0 in 500 ml of minimal medium with glucose or glycerol/lactate as the carbon source. Cell pellets were resuspended in 1.5 ml of water and boiled for 10 min. Standard solutions containing ␣-ketoglutarate and isocitrate were similarly boiled to ascertain the stability of both metabolites. After cooling on ice, a 75-l sample of each cellular extract was collected for protein determination by using a modified Bradford assay (38) . The remaining volume was cleared by using microcentrifugation for 15 min at 4°C, and the supernatant was removed for metabolite analyses. The concentration of ␣-ketoglutarate was determined using enzyme assays with beef liver glutamate dehydrogenase (Sigma) (39) . The concentration of isocitrate in protein-free supernatants was determined by using enzyme assays with porcine heart NADP ϩ -specific isocitrate dehydrogenase (Sigma). Similar concentrations were measured using yeast IDP1 purified as described above.
Electrophoresis and Immunoblot Analysis-Denaturing gel electrophoresis was conducted as described by Laemmli and Favre (40) using SDS-10% polyacrylamide gels. Immunoblot analyses of the IDP isozymes were conducted using an antiserum (diluted 1:500) prepared against purified yeast IDP1 (9). IDH antiserum was used as described previously (18) . Immunoreactive polypeptides were detected using the enhanced chemiluminescent method (Amersham Biosciences) and autoradiography. Densitometric analyses were performed using ImageQuant (Amersham Biosciences).
RESULTS
Purification of IDP Isozymes-To conduct kinetic comparisons of yeast mitochondrial IDP1 and cytosolic IDP2 isozymes, we purified carboxyl-terminal histidine-tagged forms of both enzymes. The enzymes were expressed using genes with authentic promoters on multicopy vectors in a yeast strain (idp1⌬idp2⌬) containing disruptions of both chromosomal genes. Transformants were cultivated in medium with glycerol and lactate as carbon sources, a condition that produces optimal expression of both isozymes (5, 9) .
Conditions for purification of histidine-tagged IDP1 and IDP2 using Ni 2ϩ -NTA chromatography were empirically optimized to stabilize the enzymes during purification and to reduce levels of contaminating proteins. Recoveries, based on specific activities in crude lysates and in final elution fractions, were ϳ60% for IDP1 and 40% for IDP2, with yields of ϳ0.3 mg of IDP1/liter of culture and ϳ1.8 mg of IDP2/liter of culture. Although the histidine-tagged forms of the purified enzymes have similar molecular weights, IDP1 and IDP2 polypeptides are resolved by denaturing gel electrophoresis (Fig. 1A) . This is also the case for authentic forms of the polypeptides in extracts from cells grown with glycerol/lactate as the carbon source (Fig.  1B, immunoblot) . Both isozymes are detected in an extract from the parental strain (lane 1), whereas only IDP2 is detected in an extract from an idp1⌬ strain (lane 2), and only IDP1 is detected in an extract from an idp2⌬ strain (lane 3).
Kinetic Comparison of IDP Isozymes--The pH optima for catalysis of the oxidative decarboxylation reaction by IDP1 and IDP2 were found to be similar, with a broad peak in maximum velocity at pH 8.0 for IDP1 and a sharp peak at pH 7.5 for IDP2. The apparent K m value with respect to isocitrate for IDP1 appeared to be independent of pH. However, the apparent K m of IDP2 for isocitrate was lower at pH values below 7.5; at and above pH 7.5, the apparent K m value (as reported in Table II) remained essentially unchanged. This suggests an effect of pH on the affinity of IDP2 for isocitrate.
The kinetic properties determined for IDP1 and IDP2 are summarized in Table II . With respect to isocitrate as substrate and NADP ϩ as cofactor, apparent V max values (measured at pH 7.75) for IDP2 were ϳ2-fold higher than those measured for IDP1. However, IDP1 exhibited the greater apparent affinity for isocitrate with a K m value ϳ7-fold lower than that of IDP2. 2 The isozymes exhibited similar apparent affinities for NADP ϩ . Most interestingly, IDP2, but not IDP1, exhibited some cooperativity with respect to isocitrate (Hill coefficient of 1.7). Kinetic parameters for peroxisomal IDP3 reported by Henke et al. (3) include a V max value intermediate between those of IDP1 and IDP2, a K m value for isocitrate similar to that of IDP1, and a K m value for NADP ϩ similar to those for IDP1 and IDP2. Kinetic properties were also determined for the reverse reductive carboxylation reaction (Table II) . For these assays, it was necessary to use 10-fold higher concentrations of enzymes to obtain measurable activities. Apparent V max values for IDP1 and IDP2 were found to be similar and much lower (10 -25-fold) than values determined for the forward reaction. For IDP2, apparent K m values for ␣-ketoglutarate and for NADPH were quite similar to the respective K m values for isocitrate and for NADP ϩ . For IDP1, the apparent K m values for cofactor, NADPH or NADP ϩ , were similar. However, K m values of IDP1 for substrate were strikingly different; the apparent K m value for ␣-ketoglutarate was Ͼ60-fold the value for isocitrate. This suggests that IDP1 would be less likely to catalyze the reverse reaction. However, the direction of the reaction catalyzed by IDP2 in vivo may be determined by relative levels of isocitrate and ␣-ketoglutarate.
The potential for inhibition of the oxidative decarboxylation reaction by ␣-ketoglutarate was also investigated. For both IDP1 and IDP2, ␣-ketoglutarate acted as a competitive inhibitor (data not shown). Also, cooperativity of IDP2 with respect to isocitrate was not observed in the presence of ␣-ketoglut- 2 The K m values for isocitrate of IDP1 and IDP2 cannot be directly compared due to the cooperativity displayed by IDP2. 
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Contributions to Cellular Pools of Isocitrate and ␣-Ketoglutarate-
The different kinetic properties of IDP1 and IDP2 suggest they may have different physiological functions. To examine aspects of this possibility, we compared levels of isocitrate and ␣-ketoglutarate in cellular extracts from yeast mutants lacking each or both of these enzymes. In addition, we included extracts from yeast mutants with a disruption in the IDH2 gene, which eliminates cellular IDH activity (23) , to compare metabolite contributions by the mitochondrial NAD ϩ -specific enzyme. Extracts for measurements of metabolites were prepared from parental and mutant strains grown in minimal medium with glucose as the carbon source, a condition associated with expression of IDP1 and of IDH at glucose-repressed levels but not of IDP2, or with glycerol/lactate as the carbon source, a condition associated with expression of all three enzymes (9) .
For the parental strain, as shown in Table III , cellular levels of isocitrate slightly exceeded those of ␣-ketoglutarate, 1.5-fold in glucose and 2.6-fold in glycerol/lactate medium. Levels of these metabolites were remarkably similar with the different carbon sources, suggesting that increased flux through oxidative pathways with the nonfermentable carbon source (41) does not produce an increase in steady state levels of tricarboxylic acid cycle intermediates relative to levels in glucose-grown cells.
In glucose-grown mutant strains, loss of IDH produced the most dramatic effects (Table III) . In extracts from the idh2⌬ mutant, isocitrate levels were 22-fold higher and ␣-ketoglutarate was 4-fold lower than those in parental cell extracts. This evidence for primary flux through the IDH reaction with glucose is substantiated by data obtained for strains containing two gene disruptions, because only those including the IDH2 gene disruption exhibited dramatic increases in isocitrate levels and reductions in ␣-ketoglutarate levels. There is also some evidence for minor flux through the IDP1 reaction on glucose, because isocitrate levels increased 60% in the idp1⌬ mutant. In addition, co-disruption of IDP1 and of IDH2 produced the most dramatic increase in isocitrate levels. In contrast, as expected because IDP2 is not normally expressed during growth on glucose, there was little evidence for any function of this isozyme, e.g. metabolite levels were comparable for the idp2⌬ and parental strains and for the idp1⌬idp2⌬ and idp1⌬ strains. We note that the idp1⌬idh2⌬ strain is essentially an isocitrate dehydrogenase null mutant under this condition due to the absence of IDP2 (and IDP3) expression (3, 4, 9) .
With glycerol/lactate as the carbon source (Table III) , loss of IDP2 alone produced a 22-fold increase in isocitrate levels and a slight increase in ␣-ketoglutarate levels, whereas the major effect of loss of IDP1 or of IDH was a 10-fold decrease in ␣-ketoglutarate levels. This suggests a major flux of isocitrate through the IDP2-catalyzed reaction with growth on this nonfermentable carbon source but that flux through the IDP1 and IDH reactions is important for maintenance of a cellular pool of ␣-ketoglutarate. Data for mutants containing two gene disruptions and thus only one functional isocitrate dehydrogenase support this conclusion: function of IDH alone or IDP1 alone (in the idp1⌬idp2⌬ and idp2⌬idh2⌬ mutants, respectively) was adequate to maintain a substantial pool of ␣-ketoglutarate, whereas function of IDP2 alone (in the idp1⌬idh2⌬ mutant) was not.
These data suggest that excess isocitrate and ␣-ketoglutarate, produced as tricarboxylic acid cycle intermediates during growth on a nonfermentable carbon source, may be transferred to the cytosol for metabolism involving IDP2. They also provide some evidence for reversible function of IDP2 in vivo. The relative levels of isocitrate:␣-ketoglutarate (ϳ600:1) in the idp1⌬idh2⌬ mutant expressing only IDP2 on glycerol/lactate medium were similar to those (ϳ700:1) for the same mutant grown on glucose medium when IDP2 is not expressed, suggesting that IDP2 may normally function to equilibrate levels of these metabolites.
Correlates with Expression and Compensation by IDP Isozymes for Phenotypes Associated with Loss of IDH-Our
previous analyses of growth phenotypes of yeast isocitrate dehydrogenase mutants (28, 29) have shown that, despite differences in cellular levels of ␣-ketoglutarate (Table III) , expression of any one of the IDP1, IDP2, or IDH isozymes is sufficient to permit parental rates of growth on nonfermentable carbon sources in the absence of glutamate. However, in the absence of glutamate with glucose as the carbon source, the growth rate of a strain lacking IDH is retarded 2-fold, but growth is eliminated only for a strain lacking both IDH and IDP1. This suggests that IDH is the predominant enzyme but that IDP1 can contribute to ␣-ketoglutarate/glutamate synthesis under fer- Yeast NADP ϩ -specific Isocitrate Dehydrogenases 4472 mentative conditions despite the absence of dramatic effects on metabolite levels in a idp1⌬ strain under such conditions (Table III) .
To further examine the role of IDP1 as a source of ␣-ketoglutarate, we transformed a strain (idh1⌬idh2⌬) lacking IDH with multicopy plasmids (pRS424-IDP1 and pRS424-IDP2) carrying the IDP1 or IDP2 genes. As shown in Fig. 2A , the transformant harboring pRS424-IDP1 grew better on minimal glucose plates lacking glutamate than the transformants harboring pRS424-IDP2 or the empty pRS424 vector. However, this growth was significantly less than that for a transformant expressing IDH subunits using a single-copy plasmid (YCp-IDH1/IDH2). All transformants grew equally well in the presence of glutamate. These results suggest that IDP1 can contribute to ␣-ketoglutarate pools for glutamate synthesis. However, IDH is the major source, and even elevated levels of IDP1 (ϳ10-fold based on enzyme assays and immunoblots of cellular lysates, data not shown) cannot completely compensate for loss of IDH under fermentative conditions.
As we reported previously (9) and as illustrated in Fig. 3A , the presence of glutamate in glucose growth medium repressed levels of IDH but not of IDP1, supporting a central role for IDH in providing ␣-ketoglutarate for glutamate synthesis under this condition. Thus, IDH levels, which were reduced ϳ5-fold by growth with glucose relative to growth with a nonfermentable carbon source (e.g. ethanol in Fig. 3A) , were further reduced 3-4-fold by the presence of glutamate (9, 42) . Expression of IDH, IDP1, or IDP2 was not altered by the presence of glutamate with growth on a nonfermentable carbon source (Fig. 3A) , consistent with growth phenotype data suggesting that any of these enzymes can provide ␣-ketoglutarate for glutamate synthesis under this condition.
In contrast to the absence of glutamate effects on expression of IDP1, we have found a significant effect on expression depending on the presence or absence of nitrogen (ammonium sulfate) in medium with glucose as the carbon source. As illustrated in Fig. 3B , immunoreactivity and activity attributed to
Compensation by overexpression of IDP isozymes for growth phenotypes of a strain lacking IDH. An idh1⌬idh2⌬ strain derived from strain MMY011 (27) was transformed with the empty multicopy pRS424 plasmid, with pRS424-IDP1, pRS424-IDP2, or with YCp-IDH1/IDH1, a single copy plasmid carrying genes for both IDH subunits (29) . The transformants were precultured overnight in YNB glucose medium supplemented with 1% casamino acids, and dilutions were plated on YNB glucose plates lacking or containing 0.1% glutamate. Similar phenotypes were observed with transformants of a mutant strain derived from strain S173-6B (data not shown).
FIG. 3. Immunoblot analyses of isocitrate dehydrogenase isozyme expression.
A, carbon source and glutamate effects. Extracts were prepared from the parental strain grown on minimal medium with glucose or ethanol as the carbon source and in the presence or absence of 0.1% glutamate as indicated. 5-g samples were analyzed with antisera for the IDP isozymes (1) or for the two subunits of IDH (18) . B, ammonium effects. Extracts were prepared from the parental (wild type (wt)), idp1⌬, and idp2⌬ strains grown on minimal glucose medium containing or lacking ammonium sulfate (ϩ/Ϫ nitrogen) as indicated. For immunoblot analysis, 25-g samples were analyzed with IDP and IDH antisera. Values (averages of five independent determinations) for IDP-specific activity (mol of NADPH/min/mg of protein) measured in these samples are shown. Differences are consistent with relative levels of IDP1 determined using densitometry. C, ammonium effects on IDP1 levels. Extracts were prepared from the parental strain grown on minimal glucose medium lacking ammonium sulfate (0 min) and at the indicated times following a shift of the cells to minimal glucose medium containing 0.5% ammonium sulfate. 15-g samples were loaded for immunoblot analysis using the IDP antiserum. Yeast NADP ϩ -specific Isocitrate Dehydrogenases 4473 IDP1 in parental cells or in idp2⌬ cells increased ϳ3.5-fold in response to the absence of nitrogen in the medium. In contrast, IDH activity (data not shown) and immunoreactivity ( Fig. 3B) were unresponsive to the presence or absence of nitrogen in glucose minimal medium. Elevated levels of IDP1 in cellular extracts were reduced within 2 h after cells grown in the absence of nitrogen were shifted to glucose medium with nitrogen (Fig.  3C ). These results suggest that the level of IDP1 is regulated by nitrogen levels during growth with glucose when IDP2 is absent and when levels of IDH are repressed. In related experiments using glycerol/lactate as the carbon source, we observed no changes in the levels of expression of IDP1, IDP2, or IDH in response to the presence or absence of nitrogen (data not shown).
DISCUSSION
In the current report, we have investigated potential functions of the yeast mitochondrial IDP1 and cytosolic IDP2 isozymes by comparing their kinetic properties and by assessing some of the physiological consequences of either loss or overexpression of these enzymes. Although loss of either or both IDP enzymes produces no dramatic growth phenotypes (2, 9), our data suggest that IDP1 performs an ancillary function with IDH to maintain a cellular pool of ␣-ketoglutarate for glutamate synthesis, and that the major flux of isocitrate to ␣-ketoglutarate may be catalyzed by IDP2 in cells grown on nonfermentable carbon sources IDH appears to be the major source of ␣-ketoglutarate for glutamate synthesis in cells grown with glucose as the carbon source (Fig. 4A) . Loss of IDH under this condition results in both a reduction in ␣-ketoglutarate levels and an increase in isocitrate levels (Table III) , which correlates with a reduction in growth rates in the absence of glutamate (29) . Loss of IDP1, the only other isocitrate dehydrogenase expressed during growth on glucose, has a lesser effect on metabolite levels, but IDP1 can contribute to glutamate synthesis because concomitant loss of IDH and IDP1 is required to eliminate growth in the absence of glutamate (28, 29) . Also, overexpression of IDP1 partially compensates for the slow glutamate growth phenotype of a strain lacking IDH (Fig. 2A) . In parental glucosegrown cells, IDH expression is elevated by the absence of glutamate (Fig. 3A) (9) , whereas IDP1 expression is increased by the absence of nitrogen (Fig. 3B) , suggesting that IDP1 may be particularly important when nitrogen is limiting.
With growth on a nonfermentable carbon source (Fig. 4B ), IDH and IDP1 both appear to contribute to cellular levels of ␣-ketoglutarate, because levels of this metabolite decrease in idh2⌬ and idp1⌬ strains (Table III) . However, the major flux appears to be through IDP2 under these conditions, because loss of IDP2 results in a significant increase in isocitrate. Thus, much of the isocitrate produced in the tricarboxylic acid cycle may be transported into the cytosol for conversion to ␣-ketoglutarate by IDP2. We note that this would also generate significant amounts of cytosolic NADPH for biosynthetic and antioxidant reactions, an advantage under growth conditions when glucose available for flux through the hexose monophosphate pathway is limited. Although we have no measurements for organellar metabolite levels, it is interesting to speculate that the cellular pool of ␣-ketoglutarate maintained by IDH and IDP1 may be mitochondrial. This is based on the absence of (Table III) . Dotted arrows in B indicate expected flux in cells grown with a fatty acid carbon source.
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By using conversion factors reported by others (5 l of intracellular volume/mg of protein; see Refs. 43 and 44) and our value for levels of isocitrate and ␣-ketoglutarate in glycerol/lactate grown parental cells, the respective cellular concentrations of these metabolites can be estimated to be ϳ2.6 and ϳ1.0 mM. Thus, the cellular concentration of isocitrate appears to exceed the apparent K m values for the IDP enzymes (Table II) and for IDH (45) . However, the cellular concentration of ketoglutarate is similar to the apparent K m value for IDP1 and exceeds by ϳ5-fold that for IDP2. The cellular level of ␣-ketoglutarate is also similar (2-3-fold lower) to the apparent K i values determined for inhibition of the oxidative decarboxylation reaction catalyzed by both IDP1 and IDP2. Thus, catalysis by these enzymes may be responsive to levels of ␣-ketoglutarate in vivo, and the relative compartmental concentration of this metabolite, whereas unknown, could be physiologically relevant.
In the models illustrated in Fig. 4 , the mitochondrial conversion of isocitrate to ␣-ketoglutarate is shown to be irreversible, as suggested by the kinetic parameters obtained for IDP1 and those described previously for IDH (46) . This is also supported by several lines of evidence suggesting that a substantial pool of ␣-ketoglutarate is maintained primarily by IDH during growth on glucose (Fig. 4A) and by both mitochondrial enzymes during growth on a nonfermentable carbon source (Fig. 4B) . A capacity for bidirectional catalysis is proposed for IDP2 (Fig.  4B ) based on the similarity in apparent K m values for isocitrate or ␣-ketoglutarate and for NADP ϩ or NADPH. Finally, because the only known function for peroxisomal IDP3 is provision of NADPH for ␤-oxidation, it is assumed that isocitrate would be diverted into peroxisomes (dotted lines in Fig. 4B ), only when cells are grown with fatty acid carbon sources, and that catalysis by IDP3 is unidirectional. This model suggests that bidirectional catalysis by IDP2 may function to support metabolite shuttle cycles among the different compartments. With respect to a possible mitochondrial shuttle cycle, inner membrane transporters for tricarboxylic acids and for ␣-ketoglutarate have been described for yeast (47, 48) . The necessity for transport of these metabolites is implied by cytosolic localization of glutamate dehydrogenase and glutamine synthetase (49) . With respect to a possible peroxisomal shuttle, it is known that peroxisomal membranes are impermeable to small molecules including NAD(H) (50), but metabolite carriers (e.g. for isocitrate or ␣-ketoglutarate) analogous to those in mitochondria have not yet been described (13) . Isocitrate is also a substrate for the glyoxylate cycle, which is partially compartmentalized in peroxisomes in yeast (31) .
Whereas mammalian cells contain a mitochondrial transhydrogenase capable of interconversion of NADPH and NADH (51) , the absence of a transhydrogenase in yeast mitochondria may increase reliance on shuttle cycles involving the isocitrate dehydrogenases. The current studies support a role for IDP2 in such shuttles. As described previously (11) , IDP2 also functions with glucose-6-phosphate dehydrogenase to provide NADPH for thiol-dependent antioxidant enzymes. In a related study (33) , we found that IDP2, when localized in mitochondria in lieu of IDP1, can support glutamate synthesis, but that IDP1, when localized in the cytosol in lieu of IDP2, does not fully restore antioxidant functions. Thus, some of the physical and kinetic differences between these isozymes may have evolved for specific compartmental functions and interactions.
